The level of inorganic polyphosphate in microbial cells is a function of their nutritional state. As a general rule, the polyphosphate content is low in growing cells, rises strikingly under certain conditions of nutritional imbalance, and falls again if rapid growth resumes (Kuhl, 1960; Harold, 1963b) . Exploration of the regulatory mechanisms involved is of intrinsic interest, and may also shed light on the biological functions of polyphosphate.
In Aerobacter aerogenes, as in many other microbial species, polyphosphate accumulation is induced by two distinct nutritional conditions (Smith, Wilkinson, and Duguid, 1954) . (i) Polyphosphate slowly accumulates in cells whose growth has ceased due to exhaustion of an essential nutrient, such as sulfur (Harold, 1963a) . (ii) Rapid and extensive polyphosphate accumulation takes place upon addition of orthophosphate (Pi) to a suspension of cells previously subjected to phosphate starvation. We have designated the latter phenomenon the "polyphosphate overplus" (Harold, 1964) . The difference between the two patterns was found to be due to nutritional control of the biosynthetic enzyme, polyphosphate kinase. Synthesis of this enzyme is repressed as long as Pi is available to the cells, but its specific activity increases considerably during phosphate starvation. The rapid accumulation of polyphosphate induced by addition of Pi to the starved cells is presumably a consequence of the elevated level of polyphosphate kinase. Analysis of two mutants blocked in polyphosphate accumulation (Harold and Harold, 1963) supported this interpretation. Mutant Pn-1 accumulates polyphosphate upon sulfur starvation but does not exhibit the overplus phenomenon; this mutant contains low levels of polyphosphate kinase, but repression of enzyme synthesis is not released by phosphate starvation. Mutant Pn-2 lacks polyphosphate kinase altogether and fails to accumulate polyphosphate under any conditions (Harold, 1964) . In general, the rate of polyphosphate synthesis appears to be proportional to the level of polyphosphate kinase.
The polyphosphate content must be a function of degradation as well as synthesis. Previous studies suggested that polyphosphate degradation in A. aerogenes, and probably also in other microorganisms, is subject to metabolic control. Resting cells maintain large polyphosphate pools, but, if nucleic acid synthesis is initiated, the polyphosphate is rapidly mobilized and the phosphorus is quantitatively transferred to the nucleic acid fraction (Harold, 1963a .
MATERIALS AND METHODS Organisms. A. aerogenes A3 (0) and mutants Pn-1 and Pn-2 were described previously (Harold, 1964) . A uracil-requiring mutant of A3(0), designated Oj,, served as the parent strain for the isolation of mutants Pn-3 and Pil-4 as outlined below. Both Pn-3 and Pn-4 retained the requirement for uracil. All growth experiments were done at 37 C in Tsubscript medium (Harold, 1963 (1959, 1962) Kornberg, 1957; Hoffmann-Ostenhof and Slechta, 1958; (c) Szymona and Ostrowski, 1964; Dirheimer and Ebel, 1962; Winder and Denneny, 1957; Dirheimer, 1964. HAROLD AND HAROLD our dismay, that it was inactivated as rapidly as was the parent strain Oj,. It is, therefore, likely that the successful isolation of this mutant was a stroke of good fortune rather than the product of a rational selection procedure. Nonetheless, the principle employed mnay prove useful as a general basis for the selection of mutants blocked in the metabolism of reserve substances.
Analytical methods. Sampling of cultures and the fractionationi of phosphorus compounds were described previously (Harold, 1963a) , as were the preparation of extracts and the assay of alkaline phosphatase (Harold, 1964) .
Polyphosphatase. Each tube received 0.05 ml of enzymne, 0.05 ml of 2 M KCl, 0.1 ml of 5 X 10-3 M MgCl2, 0.05 m1 of P32-polyphosphate (1 mg of P per ml), and 0.10 ml of Tris buffer (0.1 M, pH 9.0). The tubes were incubated at 37 C for 20 min, anid the reaction was then stopped by addition of 1 Ml of 1 N perchloric acid (PCA) and 0.1 ml of bovine serum albumin solution (10 mg/ml). The precipitate was removed by centrifugation, and the P32-Pi released was extracted into isobutanol (Harold, 1964 Polyphosphate kinase. This enzyme was assayed in the forward direction by the use of radioactive acetyl phosphate (Muhammed, 1961; Harold, 1964) , and in the reverse direction by the transfer of p32 from polyphosphate to adenosine diphosphate (ADP). For assay of the enzyme by its polyphosphate-ADP-phosphotransferase activity, each tube received 0.05 ml of enzyme, 0.05 ml of P32-polyphosphate (1 mg/ml of P), 0.10 ml of Tris-maleate buffer (each 0.15 M, pH 8), 0.05 ml of ADP (0.02 M), 0.02 ml of MgCl2 (0.1 M), and water to 0.40 ml. The mixture was incubated for 20 min at 37 C, arid the reaction was stopped by addition of 0.1 ml of bovine serum albumin (10 mg/mnl) and 0.50 ml of 1 N PCA. The tubes were centrifuged, the precipitates were washed once with 1 ml of 0.5 N PCA, and the two supernatant fractions were pooled. The nucleotides were adsorbed onto Norit A (0.25 ml of a 100 mg/ml suspension). The Norit was washed three times with 0.5 N PCA, suspended in 2 ml of water, and 1 ml was plated and counted. As before, the unit is defined as the amount of enzyme which transfers 0.01 ,umole of phosphorus frorn polyphosphate to ADP in 10 min.
Tripolyphosphatase. Each tube received 0.1 ml of enzyme, 0.1 ml of tripolyphosphate (1 mg/ml of P), 0.1 ml of MgCl2 (5 X 10-3 M), and 0.2 ml of Tris buffer (0.1 M, pH 7.5). The mixture was incubated for 20 min at 37 C; the reaction was stopped by addition of 1 ml of 0.5 N PCA, and the Pi released was measured. Since crude extracts and some ammonium sulfate fractions released Pi even in the absence of tripolyphosphate, control tubes without the substrate served as blanks. A unit of enzyme is defined by the liberation of 0.01 ,umole of Pi in 10 min.
Purification of polyphosphatase. Polyphosphatase was separated from alkaline phosphatase and tripolyphosphatase by a combination of ammonium sulfate fractionation and gel adsorption, but the specific activity was increased only fourfold.
Strain A3 (O) was grown on Trypticase Soy Broth (BBL). An amount of 10 g (wet weight) was suspended in 50 ml of Tris-maleate buffer (each 0.05 M, pH 6), treated for 10 min in a Raytheon 10-ke sonic oscillator, and centrifuged at 25,000 X g in the cold. To the supernatant liquid were added 15 ml of streptomycin sulfate (20 mg/ ml) to precipitate the bulk of the nucleic acids without loss of enzyme. The precipitate was removed, and 10 g of solid ammonium sulfate were added to the supernatant fraction; the inactive precipitate was discarded. Addition of an additional 10 g of ammonium sulfate precipitated the bulk of the polyphosphatase, leaving over half the alkaline phosphatase and all the tripolyphosphatase in solution.
The precipitate was dissolved in 20 ml of 0.05 M Tris-maleate (pH 6) and dialyzed overnight against 0.005 M buffer containing 10-3 M ethylenediaminetetraacetate (EDTA). Calcium phosphate gel (Colowick, 1955) was then added fractionally to adsorb the polyphosphatase, leaving alkaline phosphatase in solution. The gel was washed with 0.05 M Tris-maleate buffer (pH 6). The enzyme was then eluted with 0.2 M buffer (pH 7) and dialyzed overnight against 0.05 M buffer (pH 6)-10-3 M EDTA. The overall recovery was 20 to 30%. RESULTS
Polyphosphate degradation in cell-free extracts.
Extracts of A. aerogenes A3(0) and Oj, were found to contain two enzymes, polyphosphatase and polyphosphate kinase, capable of degrading polyphosphate of high molecular weight. Polyphosphatase. Degradation of P32-polyphosphate to P32-Pi by crude extracts was described previously (Harold, 1964) . Partially purified polyphosphatase required both Mg++ and high concentrations of K+ (see Materials and Methods) and had a broad pH optimum between pH 8 and 9. The enzyme was inhibited by phosphate: under our standard assay conditions, 0.05 M Pi inhibited activity by over 90%, whereas 0.01 M Pi had little effect. Nucleotides and a number of sugar phosphates (2 X 10-3 M) did not inhibit polyphosphatase.
By the action of polyphosphatase, the p32_ polyphosphate was progressively converted into acid-soluble material, which was not precipitated when excess protein and PCA were added to the assay tubes. All the p32 thus released was identified as P32-Pi, and there was no evidence for the accumulation of polyphosphate intermediates small enough to escape precipitation.
Polyphosphate kinase. Kornberg (1957) demonstrated that polyphosphate kinase of Escherichia coli catalyzes the formation of adenosine triphosphate (ATP) from polyphosphate and ADP. This route of polyphosphate degradation is also found in A. aerogenes. Incubation of crude extracts of strain A3(0) with P32-polyphosphate and ADP resulted in the formation of a product that was adsorbed by Norit A. Other mono-and diphosphonucleosides could not substitute for ADP. The products of a large incubation mixture were eluted from the Norit with acetone-NH3 (Tsuboi and Price, 1959) ; carrier ATP, ADP, and adenosine monophosphate (AMP) were added, and the nucleotides were separated by ion-exchange chromatography (Smith and Khorana, 1958) . About two-thirds of the p32 was eluted with the ATP peak, which was identified by the ratio of acid-labile to total phosphorus (0.65); the remainder of the p32 appeared to be ADP, but its identity has not been conclusively established.
Evidence for the identification of the polyphosphate-ADP-phosphotransferase with polyphosphate kinase was provided by the pattern of enzyme activity in various mutants. As shown in Table 2 , transferase activity was absent in mutant Pn-2 (known to lack polyphosphate kinase); it was increased in A3 (0) and Pn-4 were harvested from an overnight culture in T230 medium plus uracil, washed, and incubated for 3 hr in To plus uracil. Pi was then added (100 lug of P per ml), and incubation was continued for 1 hr. The cells, which had accumulated large amounts of polyphosphate, were collected, washed, and suspended in To medium plus uracil. As shown in Fig. 1 , polyphosphate in strain Ou-was rapidly degraded, and nucleic acid synthesis took place at its expense. By contrast, in strain Pn-4, polyphosphate degradation was very slow and little nucleic acid was synthesized.
Cell-free extracts of strain Pn-4 contained no detectable polyphosphatase. Polyphosphate kinase (assayed as polyphosphate-ADP-phosphotransferase), tripolyphosphatase, and alkaline phosphatase were present in normal amounts, and increased in specific activity during phosphate starvation (Table 3) . No evidence for the presence of an inhibitor of polyphosphatase could be obtained, nor did any polyphosphatase activity appear upon fractionation of Pn-4 extracts. It therefore appears that the block in polyphosphate degradation is due to the absence of polyphosphatase.
Competitive relationship between metabolism of polyphosphate and nucleic acids. Because of the block in polyphosphate degradation, mutant Pn-4 might be expected to accumulate polyphosphate even during the exponential phase of growth. This did not prove to be the case: growing cells of Pn-4, like those of the parent strain Ou-, were devoid of polyphosphate. In both strains, accumulation was induced only by deprivation of sulfur or uracil, or by the overplus procedure.
The explanation for the failure of growing cells to accumulate polyphosphate became apparent when nucleic acid synthesis was dissociated from growth by means of chloramphenicol (Harold, 1963a were subjected to sulfur starvation in T20 medium plus uracil, to induce polyphosphate accumulation in both. After 3.5 hr, each culture was divided; one half was incubated further, and chloramphenicol (10 ,ug/ml) and sulfate were added to the other half to stimulate nucleic acid synthesis. (It had been found earlier that a burst of amino acid-dependent nucleic acid synthesis occurs under these conditions.) In strain Ou-, as in A3 (0) (Harold, 1963a) , polyphosphate was rapidly degraded when nucleic acid synthesis was initiated; in strain Pn4, polyphosphate accumulation ceased but its degradation was much slower (Fig. 2) . Nucleic acid synthesis (omitted from Fig. 2 (plus uracil, no sulfate) at 0 hr. At 3.6 hr (arrow), each suspension was divided: one part received no additions; the other, sulfate plus 10 jug/ml of chloramphenicol (CMP). addition of Pi, both polyphosphate and nucleic acids accumulated (Harold, 1964) . This is presumably related to the high level of polyphosphate kinase produced by phosphate starvation. However, even in starved organisms, polyphosphate accumulation was both more rapid and more extensive if nucleic acid synthesis was prevented (e.g., by the absence of uracil).
The rate of polyphosphate degradation was also a function of concurrent nucleic acid synthesis. Cells of strain Or-were made to accumulate polyphosphate by the overplus procedure, washed, and resuspended in To medium. As shown in Fig. 3 , the polyphosphate was largely retained during incubation in To medium, both in the presence and absence of glucose. However, when both glucose and uracil were provided, the polyphosphate was rapidly degraded and served as sole source of phosphorus for nucleic acid synthesis. These findings show that retention of the polyphosphate pool cannot be due to continuous degradation and resynthesis of polyphosphate, since an exogenous energy source is known from previous work to be required for polyphosphate synthesis. It would appear, rather, that polyphosphatase activity is inhibited in resting cells and is strongly stimulated by concurrent nucleic acid synthesis.
Polyphosphate metabolism in a "constitutive" mutant. As was discussed above, cells of strains Ou-and Pn-4 accumulate polyphosphate under several conditions of nutrient imbalance, but never during exponential growth. A novel mutant, designated Pn-3, was characterized initially by the observation that, when cells from an overnight culture were transferred to fresh medium, metachromatic granules were deposited during the first few hours, and subsequently degraded.
A typical experiment is shown in Fig. 4A . Cells of Pn-3 and Ou-were harvested from an overnight culture in T2w medium plus uracil and transferred to a fresh batch of the same medium; a marked but transient accumulation of poly- phosphate occurred in strain Pn-3. Polyphosphate accumulation in strain Pn-3 could also be induced by the conditions effective with Ou-, i.e., nutrient deprivation and the overplus procedure.
The activities of polyphosphate kinase, polyphosphatase, and alkaline phosphatase were assayed in samples of the same culture. At all times, the specific activities of these three enzymes were considerably higher in Pn-3 than in the parent strain. The absolute values changed significantly during growth (Fig. 4B) : the specific activity of polyphosphate kinase dropped, whereas that of polyphosphatase and alkaline phosphatase (not shown in the graph) increased. It thus appears that mutant Pn-3 is partially constitutive for elevated levels of all three enzymes. It is evident, however, that synthesis of polyphosphate kinase is still subject to repression by exogenous Pi, whereas polyphosphatase and alkaline phosphatase accumulate without restraint. Synthesis of the three enzymes during growth is thus not coordinate, and the progressive shift in the ratio of polyphosphate kinase to polyphosphatase is presumably responsible for the transient accumulation of polyphosphate.
DISCUSSION
There are at least two potential routes for the degradation of polyphosphate in A. aerogenes, mediated by polyphosphatase and polyphosphate kinase. The finding that mutant Pn-4 is deficient in polyphosphatase and is simultaneously blocked in polyphosphate degradation provides clear evidence that the major route of degradation is the hydrolytic one. The sluggish degradation of polyphosphate in mutant Pn-4 ( Fig. 1 and 2 ) points to the existence of an alternative pathway. Whether this route is catalyzed by polyphosphate kinase has not been determined, but in any event it appears to make at most a minor contribution to the overall rate of polyphosphate degradation. It follows that the energy stored in the phosphoanhydride linkages of the polyphosphate chain is largely dissipated when the material is mobilized, and therefore the widely accepted view (Kornberg, 1957; Hoffmann-Ostenhof, 1962 Ames and Martin (1964) . Synthesis of the enzymes is not coordinate and, more conclusively, we have obtained partial revertants of mutant Pn-1 which have regained the capacity for derepression of alkaline phosphatase but not of polyphosphate kinase (unpublished data). The term "regulon" has been proposed (Maas and Clark, 1964) for a group of genes controlled by a common regulator gene but which do not fall within a single operon.
Both the synthesis and the degradation of polyphosphate are subject to metabolic control at two levels: that of enzyme synthesis and that of enzyme activity. The rate of polyphosphate synthesis depends upon the concentration of polyphosphate kinase (Harold, 1964) . In addition, the activity of this enzyme is inhibited by concurrent nucleic acid synthesis (Fig. 2) , perhaps as a result of competition for ATP, which is the metabolite common to both pathways. The pattern of polyphosphate metabolism in the constitutive mutant (Fig. 4) suggests that polyphosphate degradation likewise depends on the concentration of polyphosphatase. The rate at which the enzyme functions is markedly increased by concurrent nucleic acid synthesis (Fig. 3 , see also Harold, 1963a) . The nature of the coupling between polyphosphate degradation and nucleic acid synthesis remains elusive. A possible explanation is based on the finding that polyphosphatase is inhibited by Pi : nucleic acid synthesis would increase the demand for phosphorus and should deplete the intracellular Pi pool, thereby relieving the inhibition of polyphosphatase. Unfortunately for this hypothesis, in exploratory experiments the induction of nucleic acid synthesis by chloramphenicol produced expansion of the intracellular Pi pool, rather than the expected depletion. Thus the role of Pi in the regulation of polyphosphatase activity is questionable.
The interactions among the four regulatory elements discussed above are sufficient to account in outline for the effects of nutritional conditions on the polyphosphate content of A. aerogenes. (i) In growing cells, the synthesis of nucleic acids both inhibits polyphosphate kinase and stimulates polyphosphate degradation, and thus the cells deposit little or no polyphosphate. If growth and nucleic acid synthesis cease owing to exhaustion of an essential nutrient, such as sulfur, polyphosphate degradation is inhibited. At the same time, the competition for ATP is relieved and polyphosphate then accumulates at a rate determined primarily by the level of polyphosphate kinase. (ii) Cells subjected to prior phosphate starvation contain elevated levels of kinase and are thus initially capable of rapid polyphosphate synthesis when Pi is provided (overplus). With the resumption of growth, polyphosphate kinase is gradually repressed; at the same time, polyphosphate synthesis is progressively inhibited and its degradation is stimulated, by the resumption of nucleic acid synthesis. The polyphosphate initially accumulated is thus gradually mobilized. This is, of course, particularly striking if exogenous Pi is removed after overplus. (iii) Finally, the transient accumulation of polyphosphate in growing cells of the constitutive mutant (Fig. 4) may be attributed to the shifting ratio of polyphosphate kinase to polyphosphatase.
The fairly complex regulatory mechanisms outlined above are consistent with the view that polyphosphate functions as a storage form of phosphate (Hughes and Muhammed, 1962;  
